Interferon regulatory factors (IRFs) play functionally diverse roles in the transcriptional regulation of the immune system. We have previously shown that several IRFs are regulators of adipogenesis and that IRF4 is a critical transcriptional regulator of adipocyte lipid handling. However, the functional role of IRF4 in adipose tissue macrophages (ATMs) remains unclear, despite high expression there. Here we show that IRF4 expression is regulated in primary macrophages and in ATMs of high-fat dietinduced obese mice. Irf4 2/2 macrophages produce higher levels of proinflammatory cytokines, including interleukin-1b and tumor necrosis factor-a, in response to fatty acids. In coculture experiments, IRF4 deletion in macrophages leads to reduced insulin signaling and glucose uptake in 3T3-L1 adipocytes. To determine the macrophage-specific function of IRF4 in the context of obesity, we generated myeloid cell-specific IRF4 knockout mice, which develop significant insulin resistance on a high-fat diet, despite no difference in adiposity. This phenotype is associated with increased expression of inflammatory genes and decreased insulin signaling in adipose tissue, skeletal muscle, and liver. Furthermore, Irf4 2/2 ATMs express markers suggestive of enhanced M1 polarization. These findings indicate that IRF4 is a negative regulator of inflammation in diet-induced obesity, in part through regulation of macrophage polarization. Diabetes 62: [3394][3395][3396][3397][3398][3399][3400][3401][3402][3403] 2013 T he last decade has seen a sharp increase in our appreciation for the macrophage as a critical regulator of metabolic status in obesity. Under high nutrient conditions, macrophages infiltrate peripheral tissues, where they elaborate cytokines that negatively affect insulin action. More recently, it has become clear macrophages are not uniform in their propensity to promote inflammation. Instead, macrophages exist on a continuum defined by those that secrete proinflammatory cytokines, such as tumor necrosis factor-a (TNF-a) and interleukin (IL)-1b (so-called M1 macrophages) on one end, and those that secrete anti-inflammatory cytokines, such as IL-10 (so-called M2 macrophages), on the other (1-3). M2 macrophages participate in tissue remodeling, protect against parasitic infections, and are overrepresented among macrophages that reside within adipose tissue normally (ATMs). During high-fat feeding, macrophages of both classes increase in abundance in adipose tissue; however, the increase is significantly greater for the M1 subclass (2,4-6). The consequences of this imbalance toward M1 recruitment into adipose tissue in obesity include insulin resistance and metabolic dysfunction (7).
Interferon regulatory factors (IRFs) play functionally diverse roles in the transcriptional regulation of the immune system. We have previously shown that several IRFs are regulators of adipogenesis and that IRF4 is a critical transcriptional regulator of adipocyte lipid handling. However, the functional role of IRF4 in adipose tissue macrophages (ATMs) remains unclear, despite high expression there. Here we show that IRF4 expression is regulated in primary macrophages and in ATMs of high-fat dietinduced obese mice. Irf4 2/2 macrophages produce higher levels of proinflammatory cytokines, including interleukin-1b and tumor necrosis factor-a, in response to fatty acids. In coculture experiments, IRF4 deletion in macrophages leads to reduced insulin signaling and glucose uptake in 3T3-L1 adipocytes. To determine the macrophage-specific function of IRF4 in the context of obesity, we generated myeloid cell-specific IRF4 knockout mice, which develop significant insulin resistance on a high-fat diet, despite no difference in adiposity. This phenotype is associated with increased expression of inflammatory genes and decreased insulin signaling in adipose tissue, skeletal muscle, and liver. Furthermore, Irf4 2/2 ATMs express markers suggestive of enhanced M1 polarization. These findings indicate that IRF4 is a negative regulator of inflammation in diet-induced obesity, in part through regulation of macrophage polarization. Diabetes 62: [3394] [3395] [3396] [3397] [3398] [3399] [3400] [3401] [3402] [3403] 2013 T he last decade has seen a sharp increase in our appreciation for the macrophage as a critical regulator of metabolic status in obesity. Under high nutrient conditions, macrophages infiltrate peripheral tissues, where they elaborate cytokines that negatively affect insulin action. More recently, it has become clear macrophages are not uniform in their propensity to promote inflammation. Instead, macrophages exist on a continuum defined by those that secrete proinflammatory cytokines, such as tumor necrosis factor-a (TNF-a) and interleukin (IL)-1b (so-called M1 macrophages) on one end, and those that secrete anti-inflammatory cytokines, such as IL-10 (so-called M2 macrophages), on the other (1-3). M2 macrophages participate in tissue remodeling, protect against parasitic infections, and are overrepresented among macrophages that reside within adipose tissue normally (ATMs). During high-fat feeding, macrophages of both classes increase in abundance in adipose tissue; however, the increase is significantly greater for the M1 subclass (2, (4) (5) (6) . The consequences of this imbalance toward M1 recruitment into adipose tissue in obesity include insulin resistance and metabolic dysfunction (7) .
The molecular pathways that promote macrophage polarization have been under intensive study. M1 macrophages are activated by g-interferon and Toll-like receptor (TLR4) signaling through a variety of intermediates, including the transcription factors STAT1, nuclear factor (NF)-kB, and various members of the interferon regulatory factor (IRF) family such as IRF3 (2) . The M2 phenotype, on the other hand, is induced by cytokines such as IL-4 and IL-13 and is promoted and maintained by the actions of transcription factors such as STAT6 (1), peroxisome proliferator-activated receptor g (PPARg) (8, 9) , PPARd (10) , and Kruppel-like factor 4 (KLF4) (11) . Unique among the IRF family, the transcription factor IRF4 has also been associated with M2 polarization (12, 13) . IRF4 expression in macrophages was elevated in response to helminthic infection, and M2 marker genes were reduced in Irf4 2/2 bone marrow-derived macrophages (13) . The microRNA miR-125b, which represses IRF4 expression, was recently shown to promote inflammatory activation of macrophages (14) . Consistent with this in vitro observation, global Irf4 2/2 mice display enhanced systemic inflammation, although they are protected from lupus nephritis secondary to effects on B and T lymphocytes, two other cell types in which IRF4 plays an important functional role (15) .
We identified IRF4 in an epigenomic screen for transcription factors that affect adipogenesis; IRF4 is expressed in a developmentally regulated manner in adipocytes and acts as a potent repressor of differentiation (16) . We subsequently studied the effect of IRF4 in mature adipocytes, using a tissue-specific knockout model, and showed that IRF4 plays a critical role in adipose lipolysis and lipogenesis (17) . Adipose-specific IRF4 knockout mice show increased weight gain on a high-fat diet and are subsequently more insulin resistant than their control littermates. We speculated that IRF4 might affect insulin sensitivity via actions in other cell types, particularly macrophages. Specifically, we hypothesized a role for IRF4 in suppressing M1 polarization and the subsequent release of cytokines that promote insulin resistance. Here, we show that IRF4 promotes M2 polarization of macrophages and is responsible for dampening the inflammatory response to palmitic acid and lipopolysaccharide (LPS). Furthermore, Irf4 2/2 macrophages induce insulin resistance in cocultured adipocytes, and mice with a macrophage-specific deletion of IRF4 display increased insulin resistance in the absence of changes in adiposity. Taken together with our prior results, IRF4 promotes insulin sensitivity through actions in at least two distinct tissues: adipocytes and macrophages.
RESEARCH DESIGN AND METHODS
Materials. Antibodies for Western blotting were purchased from Santa Cruz Biotechnology (IRF4, sc-6059), Cell Signaling Technology (Akt, 9272; p-Akt Ser473, 9271; JNK1, 3702; SAPK/JNK Kinase assay kit, 9810), and Millipore Inc. (IRS1 06-248; p-IRS1Ser307 07-247, Tubulin, MAB3408). The coding region of mouse IRF4 was isolated from 3T3-L1 adipocyte mRNA by RT-PCR using TaKaRa EX Taq polymerase (Takara Bio Inc.) and subcloned into pCDH-puro lentiviral vector (System Biosciences) for expression in mammalian cells. Cell culture. 3T3-L1 cells (American Type Culture Collection) were cultured in Dulbecco's modified Eagle's medium (Invitrogen) with 10% bovine calf serum (Hyclone) in 5% CO 2 . Two days after confluence, cells were exposed to Dulbecco's modified Eagle's medium/10% FBS (Invitrogen) with 1 mmol/L dexamethasone (Sigma), 5 mg/mL insulin (Sigma), and 0.5 mmol/L isobutyl methylxanthine (Sigma). After 2 days, cells were maintained in medium containing FBS only. RAW264.7 cells (American Type Culture Collection) were cultured in RPMI 1640 (Sigma) with 10% FBS (Invitrogen) in 5% CO 2 . Peritoneal macrophages (PMs) from MI4KO and FLOX mice were isolated 4 days after intraperitoneal injection of 4% thioglycollate (BD Diagnostics), and resuspended in RPMI 1640 with 10% FBS. Cells were plated at a density of 2 3 10 5 cells per 1 well of a 24-well dish. Bone marrow-derived macrophages (BMDMs) were harvested from the femur and tibia, and then resuspended in RPMI 1640 with 10% FBS. The bone marrow cells were differentiated into M1 or M2 macrophages in RPMI 1640 with 10% FBS and 50 ng/mL granulocyte macrophage colony-stimulating factor (GM-CSF; Peprotech) or 50 ng/mL macrophage (M)-CSF (Peprotech) for 7 days. For stimulation experiments, PMs or BMDMs were incubated in serum-free RPMI 1640 containing 10 ng/mL LPS (Sigma), 10 ng/mL IL-4 (Miltenyi Biotec), or 200 mmol/L palmitate (Sigma). Palmitate-containing medium was prepared as previously described (18) .
For time course experiments, BMDMs were incubated in serum-free RPMI 1640 containing 10 ng/mL LPS. Total RNA was harvested 0-8 h after LPS stimulation, and expression levels of target genes were measured by quantitative PCR (QPCR). Coculture experiments. Coculture of 3T3-L1 adipocytes and PMs was performed as described previously (19, 20) . In the direct coculture experiments, 3T3-L1 adipocytes were cultured in a 12-well plate, and PMs were then plated directly into the same wells. Cells were cultured overnight before glucose uptake assay or insulin signaling study. In the indirect coculture experiments, 3T3-L1 adipocytes were differentiated in 12-well plates and then treated with conditioned medium from LPS-activated wild-type (WT) or Irf4 2/2 macrophages. Cells were cultured overnight before glucose uptake assay or insulin signaling study. ELISA measurement of TNF-a. Serum levels of TNF-a from PMs were measured by ELISA (Biolegend). Cell migration assay. Chemotaxis assay of BMDMs was performed using the QCM Cell Migration Assay kit (Millipore). BMDMs were placed in the upper compartment and subsequently incubated at 37°C. After 1 h, 100 ng/mL monocyte chemoattractant protein-1 (Peprotech) or conditioned medium from 3T3-L1 adipocytes was added to IMDM/0.5% FCS in the lower compartment. Control assays were performed without chemokine. After incubation for 4 h, transmigrated cells were stained with DAPI, and nuclei were counted under a fluorescence microscope. Animals. Primary macrophage studies were performed using C57BL/6J mice obtained from The Jackson Laboratory and fed a standard diet (8664, Harlan Teklad). Mice were maintained under a 14-h light/10-h dark cycle at constant temperature (22°C) with free access to food and water. All animal studies were approved by the Beth Israel Deaconess Medical Center Institutional Animal Care and Use Committee. For DIO mice, C57BL/6J mice were fed a high-fat diet (D12331; Research Diets Inc.) for 12 weeks. Body weight was measured weekly. Magnetic resonance imaging (MRI; Echo Medical Systems) was used to examine body composition of mice. Generation of MI4KO mice. Irf4 flox/flox mice were generated as described previously (21) . LysM-Cre mice were purchased from The Jackson Laboratory and mated with Irf4 flox/flox mice, and cohorts were established by mating F1 Irf4 ; Cre -mice. Mice were maintained under a 14-h light/10-h dark cycle at constant temperature (22°C) with free access to food and water and were fed a standard chow diet (8664, Harlan Teklad) or a high-fat diet (D12331; Research Diets Inc.). Glucose, insulin, and pyruvate tolerance tests. For the glucose tolerance test (GTT), mice were fasted for 12 h and then injected subcutaneously with glucose (1.0 g/kg body weight). Blood samples were taken at regular time points (0-120 min), and blood glucose levels were determined with a portable glucose meter. For insulin tolerance tests, mice were fasted for 4 h and handled 30 min before being injected subcutaneously with human regular insulin (2.0 units/kg body weight). Blood samples were taken at regular intervals (0-120 min), and blood glucose was measured as described above. For pyruvate tolerance tests, mice were fasted overnight before intraperitoneal pyruvate administration (2 g/kg). Insulin measurement. Serum was obtained from overnight-fasted mice or from animals receiving a GTT, and insulin levels were quantified using ELISA (Chrystal Chem) according to the manufacturer's protocol. Insulin signaling studies. For in vivo insulin signaling, mice were fasted overnight and injected intraperitoneally with insulin (10 units/kg). Animals were killed 7 min after insulin injections. Their tissues were harvested immediately and subjected to Western blot analysis. For in vitro insulin signaling, 3T3-L1 adipocytes were serum-starved and stimulated with 100 nmol/L insulin for 15 min. Cell lysates were then subjected to Western blotting. All blots were quantified using ImageJ software (National Institutes of Health, Bethesda, MD). Protein extraction and Western blot analysis. Tissue and cell lysates were prepared using radioimmunoprecipitation assay buffer (Boston BioProducts) supplemented with complete protease inhibitor cocktail (Roche). For Western blot analyses, 50 mg protein was subjected to SDS-PAGE under reducing conditions, transferred, and blotted using specific antibodies described above. Histology and immunohistochemistry. Epididymal adipose tissue was fixed for 12-16 h at room temperature and embedded in paraffin. Hematoxylin and eosin (H&E) staining was performed. To detect macrophages in adipose sections, immunohistochemistry was performed using an antibody against the macrophage marker F4/80 (Abcam). Four mice for each genotype were used, and for each adipose depot, four fields per section were analyzed. The percentage of F4/80-positive cells was calculated as the number of nuclei of F4/80-positive cells divided by the total number of nuclei present in a field. Glucose uptake assay. Cells in 12-well plates were washed twice with KrebsRinger (KR) phosphate buffer (127 mmol/L NaCl, 4.7 mmol/L KCl, 0.9 mmol/L MgSO 4 , 10 mmol/L NaPO 4 , 0.9 mmol/L CaCl 2 ) and incubated with prewarmed KR phosphate buffer containing 0.2% fatty acid-free BSA and 100 nmol/L insulin. The dish was then allowed to float in a 37°C water bath for 30 min. After this period, 3 H-2-deoxyglucose and unlabeled 3 H-2-deoxyglucose were dispensed into each well for a final concentration of 1 uCi/mL and 0.1 mmol/L, respectively. Cells were incubated for an additional 5 min at 37°C, and the reaction was stopped by adding ice-cold PBS. Lysis buffer was applied to each well. After 10 min at room temperature, each well was counted in a scintillation counter. Analysis of gene expression by QPCR. Total RNA was extracted from cells or tissues using TRIzol reagent (Invitrogen), following the manufacturer's instructions. First-strand cDNA synthesis was performed using RETROscript (Ambion). Total RNA was converted into first-strand cDNA using oligo(dT) primers as described by the manufacturer. PCR was performed using cDNA synthesized from 1 mg total RNA in an Mx3000P QPCR system (Stratagene) with specific primers and SYBR Green PCR Master Mix (Stratagene). The relative abundance of mRNAs was standardized using 36B4 mRNA or Gapdh mRNA as the invariant control. Primers used are listed in the Supplemental Table 1 . Luciferase reporter assay. pNF-kB-Luc vectors were purchased from Clontech (631743). PMs were detached with trypsin and transfected using the Amaxa nucleofection system (Amaxa Biosystems). Transfections were performed using reporter construct (2 mg) along with galactosidase expression vector (100 ng) a transfection control. Luciferase activity was measured 16 h after transfection using the Galacto-Star luciferase reporter assay (Roche), according to the manufacturer's instructions. Stromal-vascular fraction isolation. Stromal-vascular fraction (SVF) cells were isolated from epididymal fat depots in KR HEPES buffer by collagenase digestion as described (22) . ATM purification by flow cytometry and cell sorting. SVF pellets were resuspended in RBC Lysis Buffer (eBioscience) and incubated for 5 min before resuspension in sorting buffer (PBS with 0.5% endotoxin-free FBS, 2 mmol/L EDTA, and 25 mmol/L HEPES). Cells were incubated with Fc Block (BD Biosciences) before staining with conjugated antibodies for 15 min at 4°C, followed by two washes in 103 excess sorting buffer. Cells were resuspended in sorting buffer supplemented with DAPI and then analyzed by FACSAria (BD Biosciences). Viable cells were sorted directly into RNA lysis buffer for RNA extraction. ATMs were identified by coexpression of F4/80 and CD11b. Alexa Fluor 647-conjugated anti-CD206 was purchased from AbD Serotec. PE-conjugated anti-CD11c and anti-CD11b, PE/Cy5-conjugated anti-F4/80, allophycocyanin-conjugated anti-CD11c, and isotype antibodies were purchased from eBioscience. Statistical analysis. Unpaired two-tailed Student t tests and two-way ANOVA were used. P , 0.05 was considered statistically significant.
RESULTS
IRF4 gene expression is induced by fatty acids and IL-4 in macrophages. LPS-dependent activation of TLR4 signaling induces the expression of inflammatory cytokines, such as IL-1b and TNF-a in macrophages, whereas IL-4 treatment induces an alternative state of macrophage activation (2, 23) . Using two macrophage models, thioglycollate-elicited mouse PMs and M-CSF-differentiated mouse BMDMs, we confirmed that TLR4 stimulation using LPS or the fatty acid palmitate induced expression of Il1b and Tnfa, whereas IL-4 stimulation repressed these genes (Fig. 1A) . Conversely, markers of M2 macrophage polarization, such as Arg1 and Chi3l3, were induced by IL-4 and repressed by TLR4 activation (Fig. 1B) . IRF4 has been shown to promote M2 polarization of macrophages; as such, the pronounced induction of Irf4 expression in macrophages by IL-4 was unsurprising (Fig. 1C ) . Somewhat paradoxically, previous reports that LPS can also activate Irf4 expression were confirmed. Furthermore, activation of TLR4 by palmitate had the same effect, although induction by IL-4 was significantly more robust than by either TLR4 ligand. IRF4 deficiency enhances proinflammatory cytokine production in macrophages in response to palmitate. Given that IRF4 plays an anti-inflammatory role in macrophages (24, 25) , its induction by TLR4 signaling suggests IRF4 REGULATES ATM POLARIZATION a compensatory or "braking" function. This is consistent with detailed time course data, which demonstrate that LPSinduced inflammatory gene expression peaks before Irf4 (Fig. 1D) . To assess this in the context of palmitate stimulation, we performed loss-and gain-of-function experiments. First, we isolated WT and IRF4 knockout (Irf4 2/2 ) PMs and treated these cells with palmitate. Irf4 2/2 PMs produced higher levels of proinflammatory cytokines, such as IL-1b and TNF-a, in response to palmitate than WT PMs ( Fig. 2A and B) . NF-kB is a critical downstream transcription factor in cytokine production in macrophages (18, 26, 27) . WT and Irf4 2/2 PMs were transiently transfected with an NF-kB luciferase reporter construct, and then treated with 200 mmol/L palmitate. Palmitate significantly increased NF-kB transcriptional activity in Irf4 2/2 PMs to a greater degree than in WT cells (Fig. 2C) . For gain-of-function studies, we transduced an IRF4 expression construct into the macrophage cell line RAW264.7 and then treated the cells with palmitate and examined cytokine expression. Overexpression of IRF4 (Fig. 2D ) significantly blocked fatty acid-induced cytokine expression, and this was also associated with reduced NF-kB transcriptional activity ( Fig. 2E and F ) . These data indicate that IRF4 is a negative regulator of fatty acid-induced production of inflammatory cytokines in macrophages. Loss of IRF4 did not affect all macrophage functions, however, because chemotaxis was unaffected in the presence of 100 ng /mL monocyte chemoattractant protein-1 or conditioned medium from differentiated 3T3-L1 adipocytes (Fig. 2G) .
IRF4 deficiency in macrophages induces insulin resistance in cocultured adipocytes in vitro. If loss of IRF4 promotes a proinflammatory state in macrophages, that would be predicted to have an adverse effect on the insulin sensitivity of nearby adipocytes. To evaluate the effect of macrophage IRF4 on paracrine interactions with adipocytes, we performed two different types of coculture experiment. The first was a direct coculture assay, in which WT or Irf4 2/2 PMs were plated alongside differentiated 3T3-L1 adipocytes in the same dish before assessment of insulin-stimulated glucose uptake. In this model, activation of macrophages occurs through release of fatty acids from the adipocytes in coculture. Relative to WT macrophages, adipocytes in direct contact with Irf4 2/2 macrophages showed markedly reduced insulin-stimulated glucose uptake (Fig. 3A) . We next performed an indirect coculture experiment in which we added conditioned medium from LPS-activated WT or Irf4 2/2 macrophages to mature 3T3-L1 adipocytes. Again, exposure to conditioned medium from Irf4 2/2 macrophages reduced insulinstimulated glucose uptake compared with conditioned medium from WT macrophages (Fig. 3B) . Moreover, add-back of IRF4 to Irf4 2/2 macrophages was able to fully revert adipocyte insulin responsiveness in the direct coculture assay (Fig. 3C ). These changes in glucose uptake were mirrored by changes in insulin signaling, with Irf4 2/2 macrophages repressing insulin-stimulated IRS-1 and Akt2 phosphorylation in cocultured adipocytes (Fig. 3D) . Forced expression of IRF4 in Irf4 2/2 macrophages restored these Results expressed as mean 6 SD (n = 5). *P < 0.05. G: Chemotaxis of FLOX and Irf4 KO BMDMs was analyzed using a transwell migration assay. Results expressed as mean 6 SD (n = 6) from three independent experiments. AU, arbitrary unit.
signaling events. Interestingly, overexpression of IRF4 in WT macrophages further enhanced insulin action in cocultured adipocytes (Fig. 3C ) but did not demonstrably alter these signaling pathways (Fig. 3D) , suggesting additional IRF4-dependent events that may lie further downstream in the insulin signaling cascade leading to glucose uptake. Myeloid cell-specific deletion of IRF4 results in enhanced systemic insulin resistance. We sought next to extend our in vitro findings to a more physiologically relevant system. IRF4 was originally reported as a lymphocyte-specific transcriptional factor, although we now realize that it is highly expressed in macrophages and adipocytes as well (16, 28, 29) . Because we wished to avoid confounding effects in lymphocytes, however, we crossed Irf4 flox/flox mice with mice expressing Cre recombinase in a myeloid cell-specific manner (LysM-Cre), thus generating myeloid cell-specific IRF4 knockout mice (hereafter referred to as MI4KO). MI4KO mice showed virtually complete absence of IRF4 mRNA and protein in macrophages ( Fig. 4A and B) , without affecting the expression of IRF4 in B lymphocytes, T lymphocytes, or adipocytes (Fig. 4A) . MI4KO mice were born in a Mendelian ratio, and there were no obvious morphological differences from control mice (WT, Cre only, or Irf4 flox/flox ) in young animals (data not shown).
Total body weight of MI4KO mice was not different from controls, and MRI detected no significant changes in fat or lean mass on the chow or high-fat diet (Fig. 4C-F ) . Glucose tolerance and insulin sensitivity were similar in MI4KO and control mice fed a chow diet ( Fig. 4G and H ) . On the high-fat diet, however, MI4KO mice demonstrated significantly impaired insulin tolerance and mildly reduced glucose tolerance overall, with a nonsignificant trend toward elevated evoked insulin during the GTT (Fig. 4I-K ) .
They also displayed abnormal pyruvate tolerance, suggesting altered hepatic gluconeogenesis (Fig. 4L) . Consistent with the insulin tolerance test results, MI4KO mice fed the high-fat diet also had significantly higher fasting serum insulin levels, without a change in baseline glycemia ( Fig.  4M and N ) . Systemic insulin resistance in MI4KO mice is associated with increased inflammation. Because IRF4 acts as a suppressor of inflammation, we hypothesized that MI4KO mice would have increased DIO-induced inflammation in insulin-sensitive tissues. We looked first at white adipose tissue (WAT), which is typically infiltrated by macrophages after the onset of obesity that distribute in a heterogeneous pattern called "crown-like structures. Staining for the macrophage-specific marker F4/80 (encoded by Emr1) in the epididymal WAT of high-fat fed mice showed increased numbers of crown-like structures in MI4KO mice (Fig. 5A  and B) . Consistent with the immunohistochemistry data, QPCR analysis revealed that the expression of Emr1 and genes related to M1 macrophage activation (Nos2, Mif, and Tnfa) was increased in the WAT of MI4KO animals (Fig.  5C ). There was no obvious difference in hepatic lipid content between Irf4 flox/flox and MI4KO mice (Fig. 5D) ; however, the expression of several inflammatory genes (Ccl2q, Ccr2, Il1b, Il6, and Tnfa) in liver was increased (Fig. 5E ) and the expression of Emr1 was also elevated, suggesting increased macrophage infiltration in this tissue as well. In skeletal muscle, the expression of Emr1 and inflammatory genes (Ccl2 and Tnfa) was also increased (Fig. 5F ).
We next examined whether this alteration in the inflammatory status of liver, skeletal muscle, and WAT causes changes in local insulin action. In liver, skeletal muscle, and WAT of MI4KO mice, insulin-dependent Akt phosphorylation was significantly reduced (Fig. 5G) . Consistent H-2-deoxyglucose (2DG) uptake was determined in 3T3-L1 adipocytes incubated in direct contact with FLOX or KO PMs. Results expressed as mean 6 SD (n = 6) from three independent experiments. *P < 0.05. B: Insulin (100 nmol/L) stimulation of 2DG uptake was determined in 3T3-L1 adipocytes incubated with conditioned medium from FLOX or KO PMs. Results expressed as mean 6 SD (n = 6) from three independent experiments. *P < 0.05. C: Insulin (100 nmol/L) stimulation of 2DG uptake was determined in 3T3-L1 adipocytes incubated in contact with FLOX or KO PMs, with and without the addition of exogenous IRF4. Results expressed as mean 6 SD (n = 6) from three independent experiments. *P < 0.05. D: Insulin-stimulated phosphorylation of IRS1 and Akt in 3T3-L1 adipocytes incubated in direct contact with FLOX or KO PMs, with and without the addition of exogenous IRF4.
with the notion that increased local inflammation causes insulin resistance, we also noted enhanced activation of c-Jun N-terminal kinase (JNK ) signaling in liver, skeletal muscle, and WAT of MI4KO mice (Fig. 5H ) . Taken together, these results suggest that IRF4 deficiency in macrophages is sufficient for the induction of inflammation and subsequent insulin resistance in multiple peripheral tissues. Loss of IRF4 worsens the M1-to-M2 ATM imbalance in the context of high-fat feeding. We next investigated the status of ATM polarization in MI4KO and control mice. We isolated the SVF from epididymal fat pads excised from high-fat fed male MI4KO and control mice. The use of CD11c as a marker for M1 polarization and CD206 as a marker for M2 polarization in flow cytometry (30) demonstrated an increased M1-to-M2 ratio in MI4KO mice (Fig.  6A, Supplementary Fig. 1 ). We next measured mRNA expression of M1 and M2 markers in isolated ATMs by QPCR. The expression of M1 markers (Ccl2, Il1b, Il6, Nos2, and Tnfa) was significantly increased in MI4KO ATMs, whereas the expression of M2 markers (Arg1, Chi3l3, and Mgl2) was decreased in MI4KO ATMs (Fig. 6B and C ) . Finally, we sought to test the ability of Irf4 2/2 BMDMs to differentiate into M1 or M2 macrophages. GM-CSF can be used to induce M1 macrophage polarization in BMDMs, while M-CSF promotes M2 polarization (31) (32) (33) (34) . When treated with GM-CSF, Irf4 2/2 BMDMs expressed significantly higher amounts of Il1b and Tnfa than control BMDMs in response to palmitate. When treated with M-CSF, however, Irf4 2/2 BMDMs expressed significantly lower amounts of Arg1 and Chi3l3 than control BMDMs in response to IL-4 (Fig. 6D) .
DISCUSSION
Macrophages play a significant role in the metabolic response to obesity, and understanding the transcriptional basis of macrophage polarization and function has become highly relevant to the quest for identifying new therapeutic targets for metabolic disease. We have been interested in the role of interferon regulatory factors generally, and IRF4 in particular, as transcriptional regulators of metabolism in adipocytes (16, 17) ; our current data suggest that IRF4 plays an important metabolic role from within macrophages as well. IRF4 is induced in macrophages by Results are expressed as mean 6 SD. *P < 0.05 relative to FLOX mice. B: IRF4 protein expression in peritoneal macrophages of male FLOX and KO mice. C: Body weights of male WT, LysM-Cre (Cre), FLOX, and KO mice on chow diet (n = 10). Results are expressed as mean 6 SD. D: Body composition analysis in 18-week-old male mice by MRI (n = 10). Results are expressed as mean 6 SD. E: Body weights of male WT, Cre, FLOX, and KO mice on high-fat diet (n = 10). Results are expressed as mean 6 SD. F: Body composition analysis by MRI in 18-week-old male mice fed the high-fat diet (n = 10). Results are expressed as mean 6 SD. G: GTT on chow. Blood glucose in 18-week-old male Cre, FLOX, and KO mice fed the chow diet was determined at the indicated times after intraperitoneal injection with a bolus of glucose (n = 10). Results are expressed as mean 6 SD. H: Insulin tolerance test on chow diet. Blood glucose in 20-week-old male Cre, FLOX, and KO mice fed the chow diet was determined at the indicated times after intraperitoneal injection with a bolus of insulin (n = 10). Results are expressed as mean 6 SD. I: GTT on the high-fat diet. Blood glucose in 10-week-old male Cre, FLOX, and KO mice fed a high-fat diet was determined at the indicated times after intraperitoneal injection with a bolus of glucose (n = 7-8).
Results are expressed as mean 6 SD. *P < 0.05. J: Evoked insulin levels during the GTT shown in I (n = 7-8). Results are expressed as mean 6 SD. K: Insulin tolerance test on high-fat diet. Blood glucose in 16-weekold male Cre, FLOX, and KO mice fed a high-fat diet was determined at the indicated times after intraperitoneal injection with a bolus of insulin (n = 10). Results are expressed as mean 6 SD. *P < 0.05. L: Pyruvate tolerance test on high-fat diet. Blood glucose in 12-week-old male Cre, FLOX, and KO mice fed a high-fat diet was determined at the indicated times after intraperitoneal injection with a bolus of pyruvate (n = 7-8). Results are expressed as mean 6 SD. *P < 0.05. M: Fasting glucose levels in chow and high-fat fed male mice (n = 10). Results are expressed as mean 6 SD. N: Fasting insulin levels in chow and high-fat fed male mice (n = 10). Results are expressed as mean 6 SD. *P < 0.05.
inflammatory (e.g., TLR4 ligands, LPS, and palmitate) and anti-inflammatory signals (e.g., IL-4), although in the former case, IRF4 appears to be activated as a "brake" on inflammatory gene expression. This is suggested by the fact that ablation of IRF4 from macrophages enhances inflammatory gene expression, and overexpression of IRF4 has the opposite effect. Consistent with these findings, Irf4 2/2 macrophages induce insulin resistance in cocultured adipocytes, and mice with a myeloid-specific deletion of IRF4 are insulin resistant without a change in adiposity.
Because polarization has such profound effects on cellular function and disease risk, the transcriptional pathways by which macrophages move along the spectrum between the M1 and M2 phenotypes has been the subject of intense inquiry. Multiple transcription factors have been shown to promote M2 polarization in particular, including STAT6 (1), PPARg (8, 9) , PPARd (10), and KLF4 (11) . IRF4 was first proposed to regulate the inflammatory state of macrophages in 2005, when two groups published data showing that Irf4 2/2 macrophages display enhanced inflammatory cytokine expression, although the concept of polarization per se was not addressed (24, 25) . El Chartouni et al. (12) showed that IL-4 treatment, which induces M2 polarization, induces IRF4. Another recent study found the histone demethylase Jmjd3 was also induced by chitin, a structural component of helminths and a known inducer of the M2 phenotype (13). Jmjd3 2/2 mice were shown to be susceptible to parasitic infection, in part because of deficient numbers of M2 macrophages. Among the genes whose expression was affected by the loss of Jmjd3 was Irf4, which was subsequently shown to mediate some of the effects on M2 polarization (13) . Our work extends these findings by showing that resident ATMs require IRF4 to maintain their position on the polarization spectrum and by demonstrating that the M1-to-M2 imbalance that accompanies obesity is made worse in the absence of IRF4. Most importantly, we show that the lack of IRF4 in myeloid cells has profound consequences on insulin sensitivity in vitro and in vivo.
In brown and white adipocytes, we showed that IRF4 expression was highly responsive to nutritional state, such that fasting induced a huge increase in IRF4 mRNA and protein levels (17) . This effect is mediated by FoxO1, which resides in the nucleus in the absence of insulin (as occurs in fasting). After feeding, rising levels of insulin promote the Akt-mediated phosphorylation and subsequent nuclear exclusion of FoxO1; this leads to sharp reductions in Irf4 mRNA levels within hours. Could FoxO1 play a role in IRF4 expression in macrophages? It is possible, but the notion is contradicted by recent data from Kawano et al. (35) , in which myeloid-specific knockout of Pdk1 (an upstream kinase of FoxO1) caused increased M1 polarization in adipose tissue with associated insulin resistance. This effect was phenocopied by myeloid-specific transgenic overexpression of a constitutively active FoxO1 and rescued by a dominant negative FoxO1 allele. Similarly, FoxO1 has been shown to promote TLR4 expression and inflammatory activation of macrophages (36) . Although an effect on IRF4 per se was not assessed in either of these studies, the results are inconsistent with the idea that FoxO1 could be a major inducer of IRF4 and the M2 polarization program in macrophages.
We found that IL-4, a classic promoter of the M2 phenotype, does induce expression of IRF4 in PMs and BMDMs. The latter confirms the prior result of El Chartouni et al. (12) , who proposed that STAT6 might be a transcriptional mediator of IL-4 on the IRF4 promoter; IL-4 does induce IRF4 through STAT6 in T helper lymphocytes (37) , suggesting this may also be true in macrophages. The ability of LPS, acting through TLR4, to induce IRF4 is more puzzling, given its association with the induction of inflammatory cytokine expression. We demonstrate that palmitate, a nutritional fatty acid and proposed TLR4 ligand (18) , has the same effect as LPS. The induction of IRF4 by TLR4 ligation is likely a "braking" or compensatory effect, because loss of IRF4 potentiates the ability of LPS and palmitate to induce inflammatory gene expression (13, 24, 25) .
IRF4 is a transcription factor with a functional DNA binding domain and is known to bind to specific promoter sequences in macrophages, sometimes in concert with other factors like PU.1 (38) . Interestingly, IRF4 can also be localized to the cytosol (25, 38) , where it has been shown to bind to MyD88, a critical downstream factor in the TLR4-driven innate immune response. In this context, IRF4 has been proposed to compete with the proinflammatory IRF5 for binding to MyD88, setting up a scenario in which IRF4 exerts at least some its anti-inflammatory activity in a way that does not require nuclear localization or DNA binding. We do not know the extent to which this nongenomic activity could contribute to the metabolic consequences of IRF4 deletion in macrophages. Furthermore, there is as yet no evidence for such nongenomic action in any IRF4-expressing cell type other than macrophages, despite the presence of TLR4, MyD88, and IRF5 in adipocytes, for example. To address this issue, we are developing new models of transgenic IRF4 expression in which WT or DNA binding domain mutant alleles can be expressed in a tissueselective fashion. Taken together, our data suggest that IRF4 exerts actions on metabolic physiology from at least two cell types, the adipocyte and the macrophage. In adipocytes, IRF4 promotes lipolysis and represses lipogenesis in a nutritionally regulated fashion. Mice lacking IRF4 specifically in adipose tissue have enhanced weight gain and are insulin resistant. IRF4 in macrophages represses innate immunity, and mice lacking IRF4 specifically in myeloid cells show reduced insulin sensitivity, even in the absence of changes in adiposity. Evolutionarily, IRFs are an ancient family, having evolved in concert with the development of multicellularity; identifiable IRF4 precursors are among the very earliest isoforms noted (39) . Multicellularity requires cells to take on specialized roles, such as energy acquisition and storage or host defense. A theme in evolution is the co-option of molecules for disparate roles in different tissues, and IRF4 appears to be no exception. What we have learned over the past decade or so is that important metabolic cross talk occurs between cell types and organs, including immune cells previously not suspected of participating in systemic nutrient homeostasis. IRF4 represents a key node in this cross talk by regulating multiple aspects of the physiological response to nutrients and obesity in different tissues.
